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Shear stress is the primary source of jet noise i n  a jet exhaust. 
The shear stress i n  a turbulent jet is equivalent t o  the r a t e  of transverse 
r#ntu transport,  which is also the  cause of flow entrainment. I f  the  
s u r r o d i n g  f l u i d  is injected rad ia l ly  itwards i n  order t o  reduce the  work 
done f c r  e n t r a m t ,  then the  l o c a l  shear stress is reduced. F r a  Lighthi l l ' s  
theory jet noise depends on veloci ty t o  the  Sth power, hence, i a  a fan jet 
the  majority of the noise is generated bp the  high veloci ty core jet. 
To verify the  inuard mmentum in jec t ion  stress reduction concept, 
experiments uere performed on a JT-1U) Fan-jet  engine suclr t h a t  the fan a i r  
is d e  convergently t o  flow around the  high veloci ty core jet with a smll 
angle. 
Rinq a i r f o i l s  w e r e  used as flov separators  f o r  the  miniaization of the 
thrus t  loss,  Jet exhaust noise reduction of 11 db a t  311. f r a  the  jet a x i s  
was recorded and 8 db integrated overa l l  noise reduction over a hentisphere 
vas measured with only 4.6% thrus t  loss,  o r  152 dbfperrlent thrus t  loss,  
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ABSTRACT 
A nofse suppression jet exhaust nozzle f o r  a JT-15D fan  jet engine was 
designed based on the  momentum t ranspor t  concept. The nozzle cons i s t s  of a 
sho r t  th ick  lipped nozzle f o r  the  hot high ve loc i ty  j e t  and is surrounded by 
mult iple  l aye r s  of fan a i r  vhich was made t o  converging upon t h e  hot  core  j e t  
i n  order  t o  s imulate  the j e t  entrainment streamlines.  Reduction of t he  shear  
stress of the  turbulent  nixing is  a c c o q l i s h e d  by suppressing the  momentum 
t ranspor t  r a t e  i n  t he  r a d i a l  direct ion.  Ring a i r  f o i l s  were used as flow 
separa tors  i n  order  t o  recover some of the th rus t  losses  due t o  elongated fan  
duct. Both the  noise  reduction and t h r u s t  l e v e l  were recorded a t  f u l l  power, 
752, and 50X KPXs of the  inner  core  turbine. Test r e s u l t s  indicated 11 db 
reduction is poss ib le  at f u l l  power. The integrated sound power was reduced 
up t o  8 db at a t h r u s t  l o s s  of 4.6% o r  1-52 db/percent t h r u s t  loss .  
1 NTRODUCTION 
The majori ty  of commercial a i r l i n e r s  are powered by f a n  jets. The fan  
> 
jet engine has good f u e l  economy and lower s t r u c t u r a l  veight  and cos t  compared 
t o  a conventional jet having t h e  s a m e  t h r u s t  l eve l .  The awareness of no ise  
po l lu t i on  raakes it  necessary t o  f i nd  ways t o  reduce the  jet engine noises. The 
noise  generated by a f a n  jet comes l a rge ly  from th ree  sources: (1) fan  (2) f an  
discharge duct  and (3) primary jet (Fig. 1).  
Various e f f o r t s  have been devoted t o  understanding each of t h e  no ise  
sources. From ~ i g h t h i l l ' s  jet no ise  theory (Ref. l ) ,  t h e  jet no ise  is pro- 
por t iona l  t o  t h e  jet ve loc i ty  t o  t h e  8 t h  power. Due t o  temperature d i f f e r ences  
between t h e  fan  air  and primary exhaust, t h e  ve loc i ty  of the  primary exhaust 
usua l ly  is 40 percent higher  than the  ve loc i ty  of t h e  fan  discharge. Therefore, 
t he  o v e r a l l  noise  of t h e  primary jet is about 15 db higher than t h a t  due t o  t h e  
fan  discharge. I f  one can channel some of t he  fan a i r  t o  mix with t h e  primary 
jet s o  . ~t t h e  r e l a t i v e  ve loc i ty  can be reduced without t h e  l o s s  of in tegra ted  
momentum, then t h e  no ise  l e v e l  ought t o  be reduced without s u b s t a n t i a l  l o s s  i n  
t h rus t .  Small co-axial jets have shown noise  reduct ion up t o  10  db i n  compsri- 
son with a s i n g l e  jet (Ref. 2 and 3) i n  both supersonic and subsonic conditions.  
The advantages of independently con t ro l l i ng  t he  pressure r a t i o  and mass Flow 
r a t e  of a lahoratory-scale co-axial jet vanish when one is faced with t h e  
problem of qu i e t i ng  an e x i s t i n g  fan jet engine with fixed performance character-  
i s t i c s  and by-pass r a t i o s .  In  t h i s  repor t ,  a CJ-axial jet nozzle i s  designed 
based on t h e  knowledge of turbulent  jet entrainment s t reamlines ,  t o  minimize 
t h r u s t  losses ,  and t o  maximize the  no ise  reduction with a small  penal ty  i n  
s t r u c t u r e  weight. The nozzle design concept is based on t h e  momentum t ranspor t  
theory formulated by Reichardt (Ref. 4).  The entrainment flow obeys 3 s i m i l a r i t y  
so lu t ion  such t h a t  the  geometrical pa t t e rn  of t he  flow streamlines a r e  fixed 
i n  space independent of t he  jet veloci ty .  This has a l s o  been experiloentally 
ve r i f i ed  i n  (Ref. 5). This leads t o  the p o s s i b i l i t y  of mixing nozzle design 
i n  a wide range of engine t h r o t t l i n g  conditions. 
Experimental r e s u l t s  on sound l e v e l  da t a  based on momentum transport  
suppression concept of a JT-1SD fan engine nozzle were obtained i n  angular 
d i s t r i b u t e d  and single-array arrangements frcmnnear t o  fa r - f ie ld  microphones. 
Thrust measurements were recorded by three  load c e l l s .  The pre l in inary  r e s u l t s  
show 11 db maximum off  a x i s  sound reduction and 8 db ove ra l l  i n t e g n t e d  sound 
pover reduction. These t e s t  r e s u l t s  provide a trend t h a t  high bypass r a t f o  
fan engine f o r  wide body t ranspor t  a i rp lane  can be extrapolated. 
Theory of t he  Nozzle Design 
From jet noise  considerations,  L igh th i l l ' s  theory s t i l l  provides t he  
majcr guidel ine f o r  subsonic nozzle design. The governing equation f o r  j e t  
noise production 
i s  a wave equation with a dr iv ing  function a2Tij  
ax ax 
i j 
I f  Tij is a source-like function such t h a t  T Q one can see  from order  ij - 
r 
of magnitude arguments, t h a t  a 2 ~ i i  w i l l  be a quadrupole function, g . 
ax ax 
i j r3 
To reduce noise becomes a search f o r  a method of reducing t h i s  dr iv ing  
funct ion 2 2 ~ i i  . 
ax ax 
i j 
If one induces a momentum f lux  r ad ia l ly  inward onto the  hot  core j e t ,  i n  
e f f e c t  i t  reduces the work done by the hot core j e t  f o r  entrainment. This 
is equivalent  t o  t h e  reduct ion of t he  l o c a l  shear  stress. The gradient  of 
t h e  shear  stress w i l l  be reduced as w e l l .  This  process can Le bes t  seen 
from t h e  momentum t ranspor t  theory of Reichardt (Ref. 4). His o r i g i n a l  forn- 
u l a t i o n  w a s  done i n  a two-dimensional system, extending Reichardt 's  physical  
reasoning t o  c y l i n d r i c a l  jet is s t r a i g h t  forward. 
H i s  bas ic  equation is a time averaged momentum equation, t h a t  
i n  a iree turbulen t  flow, t he  laminar shear  stress has heen neglected. The 
pressure  term vanishes f o r  a subsonic jet and h i s  second bas i c  equation is 
- 3 i z  
of an empir ical  na ture  and has t h e  form uv = -A - 
ay 
Here A = A(x) has t h e  dimension of a length which usual ly  is determined 
empirically.  This is connnonly known a s  t h e  momentum t r a n s f e r  length. The 
l e f t  hand s i d e  of  t he  equation represen ts  t h e  shearing s t r e s s ,  (except f o r  
t h e  f a c t o r  p,) which can be regarded a s  t he  quant i ty  of t h e  x component 
of momentu being t r ans fe r r ed  i n  t he  y-direction ( f l ux  of momentun). This  
r e l a t i onsh ip  leads t he  momentum equation t o  a Fourier hea t  t r a n s f e r  equation. 
Equation (4) descr ibes  t he  x component of momentum d i f fu s ion  i n  a f r e e  
tu roulen t  jet flow. I f  one i n j e c t s  some f l u i d s  along the entrainment stream- 
l i n e s  i n  e f f e c t  it i s  equivalent t o  reducing the  x-momentum-transfer d i f f u s i o n  
r a t e  i n  t he  y-direct ion o r  a reduct ion i n  uv. From the  momentum equation i t  
can be  in te rpre ted  t h a t  the  x component o r  j e t  momentum has t o  take longer 
d i s tances  t o  be d i ss ipa ted  i n  both t he  x and y-directions.  
Nozzle Design 
Since the  performance of a JT-15D engine (Appendix I) can only be t r u e  
i f  the engine is running a t  t h e  factory specif ied conditions,  one can see 
tha t  t h e  ve loc i ty  r a t i o  between hot core j e t  t o  t he  cold fan a i r  i s  402. 
From the  8 th  power ve loc i ty  dependence of jet ve loc i ty  majority of t he  
exhaust noise is from che hot core jet. The in j ec t ion  nozzle design is made 
t o  reduce the entrainment work o r  l o c a l  shear  s t r e s s  of the  high ve loc i ty  
core jet. The bypass fan  air was nade t o  flow i n  three convergent passages 
by r ing  a i r f o i l  separators .  The geometrical slxipe of t he  r ing  a i r f o i l  were 
determined by matching the  bypass nozzle a r e a  with the  t o t a l  t h roa t  a r ea  of 
the  o r ig ina l  engine, and the  s i z e  of the r i n g  a i r f o i l  flow separa tors  were 
determined from s i m i l a r i t y  s t reamline ana lys i s  (Ref. 5). Subsonic jet 
s treamlines can be calculated from incompressible flow consideration. 
Turbulent c i r c u l a r  j e t  s i m i l a r i t y  ve loc i ty  p r o f i l e s  a r e  given as: 
a x i a l  3 k  u = - -  1 81 EOX ( l + ~ q ' ) ~  
4 
r a d i a l  
where 1 = -  2 k Y (I II E o  X 
and experimental evidence has shown tha t  % = 0.0161 f o r  a turbulen t  j e t .  
X is  the a x i a l  d i r ec t ion  and Y is  the r a d i a l  d i rec t ion .  The s t reamlines of 
the  flow can be seen i n  Figure 2(a). The r a d i a l  ve loc i ty  v has two zero 
value poin ts  a t ,  n = 0 and r~ = 2 (Fig. 2(b) ) .  II = 2 corresponding t o  a 
s t r a i g h t  l i n e  i n  x-y plane with an angle of 7.5' from the X-axis. This 
m a t h e a ~ t i c a l  so lu t ion  can be in te rpre ted  by following the physical  reasonin8 
of jet entrainment, t ha t  a jet t r anspo r t s  i ts momencum rad i a l l y  due t o  turbu- 
l e n t  shear.  The c e n t e r l i n e  ve loc i ty  w i l l  be slowed down which forces  the 
s t reamlines  t o  be widened. This  induces a r a d i a l  ve loc i ty  component outward. 
On t he  o ther  hand, the  entrained masses have a r a d i a l  inward ve loc i ty .  So 
somewhere i n  between the  r a d i a l  ve loc i ty  vanishes,  where the  s t reamlines  w i l l  
be p a r a l l e l  t o  t h e  jet axis.  When a c y l i n d r i c a l  wal l  i n t e r cep t s  t h i s  v = 0 
l i n e  (Fig. 3), the  e f fec t iveness  of t he  cyl inder  length t o  increase  t he  
entrainment mass f l w  ceases. This is the  condi t ion o f  determining the  
length of r i n g - a i r f o i l  flow separators .  
From s t r u c t u r e  weight considerat ion,  i t  i s  des i r ab l e  t o  make t h i s  nozzle 
design a s  s h o r t  a s  possible.  I f  a nozzle is made t o  converge with an angle  
g rea t e r  than 45', then t h e  i n t e r i o r  of t he  nozzle would generate s t a t i ona ry  
vo r t i ce s  o r  known a s  t he  dead-water region. This normally produces a singlil  
tone no ise  a s  t h a t  of a whist le .  For t h i s  i nves t i ga t ion  a 30' half  angle  w a s  
chosen f o r  t h e  core  jet nozzle with a s u b s t a n t i a l  f i l l e t  added t o  smooth out  
t he  t r ans i t i on .  T'ne l i p  of t h e  nozzle was made blunt with a l a r g e  rad ius  (see 
Fig. 4). The thought behind t h e  blunt  l i p  design was t h a t  a sharp l i p  would 
c r e a t e  a s i n g l e  hanging vortex which vould be the  source of t he  edge tone 
sound noise. Ordinar i ly ,  t5e sharp l i p  is  b e t t e r  when the nozzle is  operated 
exact ly  a t  the design point.  When a nozzle has t o  operate  over a wide range 
of pressure r a t i o s ,  t he  b lun t  l i p  c r ea t e s  a p a i r  of vo r t i ce s  r o t a t i n g  i n  the  
opposi te  d i r e c t i o n  which c r ea t e s  a d ipo le  l i k e  source. Although dis turbances 
a r e  more in tense  a t  near f i e l d ,  i t  can be at tenuated more rapidly due t o  
higher order  sound e f f e c t .  The dead water region behind the  l i p  forms i ts 
own separat ion l i n e s  (Fig. 4) ,  s o  i n  r e a l i t y  a f i c t i t i o u s  sharp l i p  s t i l l  
e x i s t s  with t h e  shape varying according t o  the  flow condition. 
Two r ing  a i r f o i l s  were chosen a s  by-pass flow separators .  The r i ng  
a i r f o i l s  had a thickness-to-chori r a t i o  of 10% 50r the  f i r s t  passage and 6X 
f o r  t h e  second and t h i r d  passages respect ively.  The dimensions of t he  design 
can be seen i n  Fig. 5. The f r e e  expansion of the  core jet of t he  JT-15D 
engine t o  t he  atmosphere has a Mach number of 0.665 a t  a l q c a l  speed of 
sound f o r  the  spec i f ied  exhaust temperature. The exhaust ve loc i ty  can be 
slowed down s l i g h t l y ,  when the  exhaust plane pressure is increased due t o  
t he  convergent fan-air-flow. This design allows the f i r s t  s t a g e  mtxing hot 
jet ve loc i ty  t o  slow down t o  Hach number of 0.6. The expansion and mixing 
between the  ho t  core jet and the  by-pass a i r  flow w i l l  not  r e s u l t  i n  z r e a t  
t h r u s t  l o s s  due t o  t h e  law of conservation of momentum. The increased pres- 
su re  by the  r a d i a l  component inward of t he  by-pass flow a r e  used t o  determine 
the  flow passage angles. From t h e  supplied JT-15D engine da t a ,  the by-pass 
5 duct pressure is  1.45 x 10 ~ e w t o n s f m ~ ,  t he  exhaust flow t o  1.07 x lo5 ~ / m ~  
reduced t h e  b c h  number from 0.775 t o  0.7, a t  a ve loc i ty  of 238 m/sec. The 
component of t he  cold flow ve loc i ty  which causes the  l o c a l  p ressure  increment 
0 determines the  f i r s t  by-pass passage angle  t o  be 23.50. The second and the  
t h i rd  passages were dztermined from geometrical f ac to r s  r ~ q u i r e d  f o r  equal 
mass flow r a t e s  and the i n t e r s e c t i o n  point  of v = 0 l i n e .  
Since t he  leading edge of t h e  r i ng  a i r f o i l  w i l l  not be i n  contact  with 
any high temperature gases, t he  shaping of t h e  curvature can be made by p l a s t i c  
foam and f i be rg l a s s  cover i n  order  t o  save construct ion cos t  and weight .  The 
a f t e r  body was made by two convergent t h i n  shee t  metal cones,foming a typical mono- 
COque s t r u c t u r e  f o r  l i g h t  weight and maximum strength.  The very outer  nozzle 
has the s t r u t s  attached t o  the r i n g  a i r f o i l s  a s  i t  forms a bicycle-wheel l i k e  
s t ruc tu re .  Again, very l i g h t  mater ia l  can be used t o  form a very s t rong  and 
l i g h t  weigllt s t r u c t u r e  without t h e  problem of warpage a s  of s i n g l e  sheet  nozzles. 
The t o t a l  weight of t h i s  nozzle i s  about 50 kg using non-aluminum mater ia ls .  The 
d i v i d i n g  r i n g  has  a c rops  s e c t i o n  of a reversed a i r f o i l ,  such t h a t  t h e  
p r e s s u r e  load ing  of t h e  r i n g  produces f o r c e  components i n  t h e  t h r u s t  d i r e c t i o n  
t h u s  i t  can compensate some of the  s u r f a c e  d rag  losses .  
Th i s  three-passage nozzle system was found exper imental ly  l a t e r  having 
t o o  low a f a n  p r e s s u r e  which causes f a n  RPEf t o  hunt, t h e r e f o r e  a second con- 
f i g u r a t i a n  i s  formed due t o  t h e  r e s t r i c t i o n  of a l l o c a t e d  t e s t  per iod by block- 
i n g  o2f a t h i r d  passage (Fig. 5) wi th  a metal cone and sound absorbing m a t e r i a l s  
packed i n  t h e  passage. Tes t  r e s u l t s  w i l l  b e  shown as having s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  sound d a t a .  
Apparatus and Procedures 
Experimental t e s t s  were conducted a t  Moffet t  F i e l d  e a r l y  i n  t h e  morning 
when background n o i s e  was low and t h e  wind was calm. The test s i te  loca ted  
a t  least 600 km away from any b ig  b u i l d i n g s  (Fig. 6). The small t r a i l e r  30 kn 
away from t h e  engine is t h e  opera t ing  room housing a l l  t h e  ins t rumenta t ions .  
Test  Se tup  
-
The JT-15D er.gine was mounted on a s t a n d  3.64 meters above t h e  ground 
measured from t h e  c e n t e r  l i n e  of t h e  engine. This is made t o  avoid t h e  l o c a l  
v o r t e x  attachment from t h e  i n l e t  t o  t h e  ground and t~ reduce t h e  r e f l e c t i o n  
and i n t e r f e r e n c e  of t h e  n o i s e  d a t a  o f f  t h e  ground (Fig. 6 ) .  The engine t h r u s t  
was measured by s i x  s t r a i n  gage type load c e l l s  a t  t h e  mounting po in t s .  Fcrccs 
i n  Loth t h e  x and y d i r e c t i o n s  were recorded t o  provide t h e  d a t a  needed t o  
compensate f o r  t h e  misalignment of t h e  t h r u s t  vec to r  t o  t h e  engine s tand .  The 
engine running condi t ion w a s  based on inner  t u r b i n e  rpm measured i n  percentages ,  
such as t h e  i d l i n g  cond i t ion ,  SO%, e t c .  During t h e  experiment t h e  engine was 
t e s t e d  a t  502, 75%, and 92% rpm as s tandard  comparison cond i t ions .  When t h e  
engine was not moving i n  the  stream, t he  92X rpm required 100X hp output 
from the  tu rb ine  because t he  or ig in31  engine was designed t o  take  i n t o  account 
t h e  impact pressure f r ~ m  a i r c r a f t  ve loc i t i e s .  A bell mouth i n l e t  was used 
throughout the  t e s t  program. 
Sound Measuring Equipment anJ Procedures 
-
The sound d a t a  was tape recorded a t  29 s t a t i o n s  on t h e  plane of the  a x i s  
of t h e  nozzle 3 .64  meter above the  ground (see Fig. 6 )  by 1.27 cm diameter 
Bruel and Kjaer condenser microphones, Type 4133, on an a r c  of 22.8 Te te r  
radius.  Near f i e l d  and very f a r  f i e l d  microphones were 1.016 meters and 
36.5 m away, respect ively.  The pos i t ion  of each microphone s t a t i o n  can be 
seen i n  Fig. 7. 
Type 4 ! 3 3  B&K microphones with i5&K Type 2619 preamplif ier  and matching 
cables  were used t o  t ransmit  s i g n a l s  t o  the  B&K model 222-2 microphone 
energizer  modules i n  t he  cont ro l  room. The s i g n a l s  were tape recorded by an 
Ampex FR 1800L recorder/reproducer. The taping modes were FM modulated t o  
g ive  a frequency range of 0 t o  300 kHz, depending on tape  speeds (1-7/8, 
3 - 3 / 4 ,  7-1/2, 15, 30, 60, and 120 inches per second). The d a t a  were recorded 
a t  60 i p s  which was chosen f o r  t h e  optimum speed of t he  noise  spectrum with a 
minimum quant i ty  of the tape. Signal wave forms and amplitudes were simul- 
taneously observed on a Tektronix osci l loscope,  Model RM501A and HP 34OdA 
RMS Voltmeter (see Fig. 8). The DC d r i f t  of the system i s  l e s s  than f 0.5% 
of t he  t o t a l  dev ia t ion  over a four-hour period a f t e r  warm-up. 
The type 4133 B&K condenser microphone has a frequency range between 1 Hz 
t o  40 KHz up t o  160 db sound pressure level .  With the type 2619 preamplif ier  
t he  usable  frequency is 2-200 KHz a t  2CO v o l t  po l a r i za t i on  vol tage with an 
out*, t of 12.5 mv/~ewton/m~. The nominal d i s t o r t i o n  is  l e s s  than 1%, and the 
s e l f  generated noise  between 20 KHz t o  "0 YYz  is less than 40 pV. 
The microphone, preamplifier,  and energizer  system was ca l i b r a t ed  by 
means of piston-phone B&K type 4220, b e f ~ r e  each run a t  124 db and a 250 Hz 
monotonic sound, vhich generates a microphone output  of O.5F rms t o  feed 
the  recorder. Due t o  the  ambient t e m p e r a t z e  f luc tua t ion ,  a s l i g h t  d r i f t  
of less than f 0.01 db was detected oeforc  and a ~ t e r  t h e  runs. 
Data Reduction 
--- 
Recorded d a t a  vere  analyzed by feeding the  taped s i g n a l s  i n t o  a Spec t ra l  
Dynamics Corp. real t i m e  spectrum analyzer,  Plodel SD 301B, and i n t o  an aI)C 
ensemble zverager, Model 5D302.A. A sixty-four ensemble-averaged output w a s  
displayed on a Tektronix osci l loscope,  Type ;704A, and a Bal len t ine  rms 
voltmeter, Model 320, simultaneolrsly (Fig. 9). 
Tine rms voltmeter reads t he  output  of  t he  ensemk 1-2 averager. The system 
was ca l i b r a t ed  by an audio frequency o s c i l l a t o r ,  again set a t  .5V f o r  124 db 
a s  a reference. In tegra t ion  of t h e  erea of the  spectrum range gives  t he  over- 
a l l  sound ?ewer level .  The t o t a l  sound l e v e l  of an engine can be obtained by 
in t eg ra t i ng  the  sound pressure f l u x  over a hemispherical sur face  22.8 meters 
from the  center.  
Test  Resul ts  
-
During the  test i t  was found t h a t  t he  fan pressure could not  m e e t  t h e  
speci . f icat ions supplied by the  e t g i n e  company. It w a s  necessary t o  block 
passage 3 (Fig. 3) off i n  order t o  br ing the  fan  pressu te  up t o  3.1 x lo3 ~ / m ' .  
Witlmut blockage, the  fan pressure was only a t  5.84 ~ / r n ~  a t  92% rpm. A s  a 
resclt, t h e  tests could be made i n  t h r ee  configurations; namely, the  o r i g i n a l  
engine, the th ree  by-pass flow nozzle, and the two by-pass flow nozzle. Sound 
pressure da ta  a t  92%, 75X,  and 50X rpm were compared among the  t h r ee  
configuratl  - s, as shown i n  Figs. 10-15. Up t o  11 db r e d ~ c t i o c  a t  some 
microphone position are obtained. The tu, passage nozzle especial lv shoued 
l a rge  noise reduction around the jet. The t h rus t  da ta  are s h a m  i n  Table 1. 
W L T  1 : Thrust at Various rpll' s 
-- 
Original 2 By-pass 3 Gp-pass 
Pouer Sett ing,  Xrpr w i n e  Nozzle Nozzle 
Inner Turbines Thrust ,k (lbs) Thrust , b ( I b s )  lhrust ,*fibs) 
The percen'age of thrus t  loss  f o r  the 2 by-pass nozzle is 4.61 and for  the  
3 by-pass nozzle is 9.6%. A t  a 1-r p m r  s e t t i n g  the overa l l  mise os the 
engine is small f o r  al l  of the  coafigurations. Tbe u l t i p l e  by-pass nozzles 
made a s ign i f i can t  change in the  sound l eve l  but not i n  thrust .  A t  92% rpm, 
the  integrated sound l e v e l  around the engine w a s  158.8 db a t  22.m away i n  
the o r ig ina l  engine configuration, 150.3 db f o r  the 3 by-pass nozzle, and 
151.8 db f o r  the 2 by-pass nozzle. 
Thus, the noise reduction a t  92% becomes 0.89 db per percent thrus t  f o r  
3 2 the  3 by-pass nozzle a t  a fan pressure of 6.89 x 10 N/m and 1.52 db per 
percent th rus t  loss  f o r  3 by-pass nozzle a t  a fan pressuie of 3.1 x lo4 h./m2. 
4 Where the  or ig inal  engine can obtain a fan pressure of 3.79 x 10 ~ / r ~  but 
4 should be 4.62 x 10 ~ / r ~  according t o  ~panufacturer's speci f ica t ion  a t  1002 
rpm. The signif icance of the  test resu l t s  t o  the physical n&ture of noise 
reduction mechanism i s  i n  the  future extension t o  large wide body transport 
fan j e t  engines. Discussions of the  r e su l t s  w i l l  be presented i n  the  next 
section. 
Discussion of Rcsul ts 
Faa-mgines are usually qu ie te r  thur turbo-jets, except the noise l e v e l  
of the large v ide  body t ransport  a i r c r a f t  engines are still higher than the 
level set by Federal avernmemt. Noise sources of a faa-engirw are many, a& 
the  most i rpor t an t  me is the core wine  wise. Due t o  the l a rge  r e l a t i v e  
=loci- betueea fan-air ud hot core exhaust, one can use f lu id  dynamic 
priztcfple t o  reduce tk aoise. Y b s t  of the  noise reduction nozzle designs 
are based om rapid rir=rp or eattraiammt t o  slov dorm the hot core exhaust 
welocity quickly, such as tbc d t i p l e  tubes, Ik i sy  Shape and o t k r  induced 
nixing schmes. 'Ihose desigas i ~ t c n d  t o  quie t  d m  the  noise according t o  8 th  
paver veloci ty rde  of Lig5thill, I n  the preseat  test, the  nozzle design is 
based on the  reduction of shear stress o r  reiucing the using rate of co-axial 
jet layers. Ihc r e su l t s  in t he  last sect ion indicated the  success of noise 
reduction based oa this nev concept, tmmver, it is by no mearts the optimum 
design f o r  the fu tu re  wide-body transport  engines. In this section, the  
d e t a i l  of the results w i l l  be c r i t i c a l l y  esauined, and fu ture  i-roverenu are 
reco~pnrled.  
The preliminary design v i t h  the  +passage nozzle was made according t o  
the  f u l l  t h r o t t l e  ia - f l ight  data provided i n  the  engkne catalog. But the  
ground tes t ing  and engine running condition is f a r  f tom what was expected. A s  
a r e su l t  the  or ig inal  Spassage  nozzle design causes too low a fan pressure, 
although large noise reduction was obtained, the  thrus t  l o s s  3 s  a l so  large,  
(9.6%). Besides, the  fan rpm s t a r t e d  t o  hunt, as a resul t ,  the  l a s t  passage 
of t he  nozzle was forced t o  be blocked off.  This hrings the fan duct pressure 
* ~ p  and the  f i r s t  2 f l w  passages closer  t o  vhat was calculated. Higher thrus t  
was regained and be t t e r  noise reduction was a l s o  obtained except around 70. 
away from the jet axis ,  the  microphone data shown higher noise level ,  Re- 
examination of the noise d i s t r ibu t ion  i n  Figure 10, showed the  "ears" around 
70, ucrophone  may be caused by the  s i n g l e  tone noise  of the  "dead vater" 
region due t o  t he  blockage of the last flow passage (Fig. 16). The noise 
d t s t r fbu r ion  d a t a  v i t h  an6 without t he  blockage can be seen i n  Fig. 17, 
t h a t  tk i r o n t  end noise  of t he  t w  configurat ions ;s alrost i d e n t i c a l  (from 
l l O m  - 180°), they are 1-r than the  bare engine configurat ion due t o  lover  
fan pressure. The data at Om, is  . a t  real because of the  possible  flaw 
h i t t i n g  t h e  microphone d i r ec t ly .  This  can be iden t i f i ed  f n n  spectrum d a t a  
bernen Om and 20. (Fig. 18), t h a t  only lw frequency spike appeared at  0' 
microphone. Due t o  t he  "ear" i n  :he noise d i s t r i bu t ion ,  spectrum d a t a  of 
t he  bare engine, 2 passage and 3 passage nozzles are compared as shown i n  
Fig. 19. The s p e c t r u r  were 64 ensemble averaged such t h a t  the  db output w i l l  
no t  change v i t h  higher enserble  averages. The 2-passage nozzle (with blockage) 
shoved a s i n g l e  toae sp ike  a t  2,700 Hz vhich is more than 2C) db above the  vtrite 
noise contr ibuted by r e a l  jet noise. Thus t he  source of the  "ear" sound is 
ident i f ied .  I f  t he  last passage can be c q l e t e l y  remved, not only t h e  
s i n g l e  tone sound can be e l i r i n a t e d  but a l s o  the s t r u c t u r e  weight of the  
nozzle can be subs t an t i a l l y  reduced. This v l l l  be considered i n  f u t u r e  tests. 
During t h i s  test, not only the  sound reduction of a fan-engine is des i r -  
ab l e  but a l s o  t h e  physics of s l o v  down the jet mixing p r inc ip l e  can be 
examined. Since i n  any jet t h e  ve loc i ty  is eventually diss ipated,  rapid 
d i s s ipa t ion  increases  t he  shear  stress and noise, s l o v  d i s s ipa t ion  reduces the 
l o c a l  shear  stress but i t  elongates  the po ten t i a l  core o r  enlarged sound pro- 
duction voluae, To examine t h e  e f fec t iveness  of t h i s  nozzle design, no ise  
decay from near f i e l d  t o  f a r  f i e l d  noise  were examined a s  shown by microphone 
a r r ay  along 30° off jet a x i s  (Fig. 20). The almost constant no ise  l eve l  a t  
f u l l  t h r o t t l e  extending t o  longer d is tances  but  at lover noise l e v e l  f o r  the  
2 passage nozzle c l ea r ly  i nd ica t e  t he  shear  s t r e s s  reduction and the  elongation 
of the po ten t i a l  core. 
Any separator  surfaces i n  a flow passage w i l l  cause drag losses. The 
ring a i r f o i l  design a s  the f lov  separators  wre intended t o  minimize the 
losses by regaining some thrust .  From the  f l o v  geometry, one can f ind high 
pressure on the  back side of the separator and low pressure on the curved 
side of the separator,  thus creat ing a force colaponent i n  the th rus t  direction. 
This was used t o  compensate some of the  drag loss  on the surface of separators.  
Pressure d i s t r ibu t ion  measurements vere d e  on r ing  a i r f o i l s  £ram data shown 
i n  Figure 21, a t  low th rus t  l o s s  fo r  nozzle design can be understood. 
Concluding Remarks 
The performance of the f lu id  momentum in jec t ion  nozzle design is based 
on the  hypothesis tha t  the  reduction i n  loca l  shear s t r e s s  would resu l t  i n  ex- 
tension of po ten t i a l  core and quiet ing the  jet exhaust noise. The microphone 
data from the  near f i e l d  extending t o  f a r  f i e l d  indicated tha t  regardless of 
the w i s e  d i s t r ibu t ion  a t  near f i e l d ,  f a r  f i e l d  noise can dist inguish the 
merits of d i f f e ren t  nozzle designs; houever, the  >passage nozzle has a lower 
near f i e l d  sound but extends to  longer distances than that  of the  2-passage 
nozzle. This confirms tha t  the potent ia l  core of the jet w a s  elongated and 
radiated a t  a lover noise level. The rapid decay a t  near f i e l d  for  the 2-pass- 
age nozzle a l s o  r e f l e c t s  the concept of thick l i p  nozzle for higher order sound. 
The nozzle t e s t  r e s u l t s  a r e  very encouraging i n  tha t  a theore t ica l  argument 
based or. momentum transport  theory has been proven qual i ta t ive ly  i n  e ~ p e r i n e n t s .  
The nozzle w i g h t  and geometrical length were comparable to  the  o r ig ina l  nozzle. 
Plthough over an 8 db noise l eve l  was recorded with less than 52 thrust  loss,  
the test was disappointing i n  tha t  the engine data  supplied by the  manufacturer 
was not the  condition operated on the test stands. Better r e s u l t s  can be 
expected with properly natched nozzles i n  the future. This  type of noise 
suppression design is expandable to larger fan jets. The weight of the nozzle 
can be further re-duced wi th  proper considerations ia structure, strength, and 
weight. 
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FIGURE TITLES 
1. Turbofan-engine noise emission. 
2. Velocity streamlines (a) and p ro f i l e s  (b) of a c i r cu la r  turbulent jet. 
3. Geometrical length determination of the  bypass flow separator. 
4. Convergence angle and the vortex s t ruc tu re  of a blunt l i p  nozzle. 
5. Dimensions of momentum - in jec t ion  nozzle. 
6. Engine stand, t r a i l e r  and near f i e l d  microphones. 
7. Microphone positions. 
8. Recording system layout. 
9. Data playback system setup. 
10. 92% r p m  sound pressure between bare engine and 2-passage nozzles. 
11. 92% rpm bare engine and 3-passage nozzles. 
12. 75% rpm bare engine and 2-passage nozzles. 
13. 75% rpm bare engine and 3-passage nozzles. 
14. 50% rDm bare engine and 2-passage nozzles. 
15. 50% rpm bare engine and 3-passase nozzles. 
16. Blockage and possible dead water region of the nozzle. 
17. Noise d i s t r ibu t ion  a t  92% rpm with and without blockage of the nozzle. 
18. Spectral  d i s t r ibu t ion  of j e t  noise a t  O0 and 20° from the  exhaust axis  
f o r  2-passage nozzle. 
19. Spectral d i s t r ibu t ion  of j e t  noises f o r  three nozzle configurati-ons a t  
32% rpm and from SO0, 60°, 70° and 80" microphone positions. 
20. Comparison of noise decay p ro f i l e s  towards f a r  f i e ld .  
21. Pressure d i s t r ibu t ion  a t  the inner surfaces of the r ing  a i r f o i l  flow 
F - -pa rac~~-s .  . 
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